Background
Introduction
Parathyroid hormone (PTH) concentrations are known to have a reciprocal seasonal relationship with 25(OH)D in studies lasting up to a year [1] [2] [3] [4] [5] . Chapuy et al showed that after the sixth decade there was a decline in 25(OH)D 3 and increase in parathyroid hormone [1] . Lips et al showed that parathyroid hormone was highest in the winter, when total 25(OH)D [25(OH)D 2 and 25(OH)D 3 ] were at their lowest values, suggesting a secondary phenomenon, in 124 patients [2] . Krall et al and Tangpricha et al demonstrated an inverse relationship between parathyroid hormone and 25(OH)D 3 over one season [3, 4] . The inverse relationship was present when vitamin D intake was less than 220 IU/day, but not observed when the intake exceeded this amount [3] . Because deficiency in vitamin D and elevation of parathyroid hormone is believed to have an impact on bone fragility and other organ systems, their relationship is important [6, 7] . The temporal relationship provides information on the impact of time of testing and the dynamic interactions between the two analytes, but the previous studies have been limited by short duration, constraints on sample size, geographic scope, and population characteristics such as age and gender. Studies limited to one year in duration are insufficient to characterize the recurrent temporal relationship. To avoid these limitations, we investigated the seasonal variation of 25(OH)D and iPTH over a multi-year period using data drawn from a large clinical data base comprising results from more than 3.8 million patients from throughout the continental United States who sought laboratory testing for 25(OH)D or iPTH.
Methods

Study population
The study included 2,274,884 25(OH)D 3 results and 1,529,289 iPTH results (in the Quest Diagnostics database), performed as routine care, for patients of both genders, spanning the ages of 20 to 99 years, living within the continental United States, from January 2007 through December 2009 in the Quest Diagnostics database. 7% of patients had a diagnosis of vitamin D deficiency (ICD-9 code 268.9) were included. In addition, we examined matched values of iPTH with 25 Further checks were done using the eGFR and only 5% of patients with CKD lack an appropriate code and only 13% of patients without a CKD code had an eGFR indicating stage 3 or higher, thus the number missed is less than 1%.
To estimate the effect of latitude, we characterized into 3 regions based on the ZIP code of the patient's home address (http://federalgovernmentzipcodes.us/ updated 3/9/2011),: North (>40 degrees), Center (32-40 degrees), and South (<32 degrees).
This study was found to be exempt for human studies research by the Western Institutional Review Board. All data were de-identified prior to analysis.
Laboratory Analysis
Total 25(OH)D measurements {25(OH)D 2 and 25(OH)D 3 } were performed using liquid chromatography-tandem mass spectrometry (ThermoFisher, San Jose, CA). iPTH measurements were performed using a chemoluminescence-based assay (Siemens Immulite 2000, Deerfield, IL) over the course of the study. The reference ranges for the course of the study were 30 to 100 ng/mL for total 25(OH)D and 10 to 65 pg/mL for iPTH. The assays were standardized and performed by the same methods in each laboratory (34 in total) and year-to-year.
Statistical analysis
We analyzed unmatched and paired 25(OH)D 3 and PTH data. Also, we analyzed subgroups based on detectability of 25(OH)D 2 and 25(OH)D total > 50 ng/mL.
We determined the weekly mean 25(OH)D 3 and iPTH concentrations for the overall population, gender and region, normalizing results using a Box-Cox power estimator function (R, version 2.13.0, The R Foundation for Statistical Computing, Auckland, New Zealand). The sine curve was fitted in R using the "nls" function (nonlinear least-square fit) as follows:nls y e b 0 þ A•sin
b0 is the intercept, A is the amplitude of the Sine wave, T is the cycle (52 weeks in this case) and φ is the offset of the cycle. The transformation estimator was 0.5 for 25(OH)D 3 and 0.3 for iPTH, then fitted values were back-transformed. The seasonality model included both an intercept (ß 0 ) and a periodic term. The periodic terms of t (time in weeks) and cycle time, T (52 weeks), describe the seasonal variations of the 25(OH)D 3 and iPTH. The model is:
Where: y = Polynomial term [for 25(OH)D 3 ] + Seasonal term + measurement uncertainty A = the amplitude/height of the sine wave φ = the phase angle, representing the difference from time zero and serves as a reference to the periods of sunlight exposure.
The standard errors of parameters for each group (gender, region, and delay) were used to calculate the confidence interval for each parameter and test for the significance of differences.
The agreement between the data and the fitted model had a mean squared error of 3.6 (7%) for the PTH seasonal model and 2 (8%) for the 25(OH)D 3 seasonal model. with a period between the peaks and troughs 26 weeks.
Results
Patient Characteristics
Men had a greater peak-trough difference than women (7.8 versus 6.4 ng/mL) (p<0.01). Average values for men and women remained below 30 ng/mL and men's values fell below 20 ng/mL. 25(OH)D 3 levels were 2.4 ng/mL lower in men than in women (P < 0.001). Patients in the North had the greatest peak-trough difference (7.0 ng/mL) and those living in South had the least (4.4 ng/mL) (Fig. 2B ). Fig. 3 shows the cutoffs for insufficiency and sufficiency respectively [7] .
iPTH seasonal variation and distribution
Seasonal variation was observed for iPTH overall, for both genders, and for all regions ( iPTH followed a sinusoidal pattern for both genders and all regions ( Fig. 2C and D), with identical amplitudes, but men demonstrating higher values than women ( Table 2) . The values for iPTH were lowest in the South and highest in the Center, (p<0.01). The lag time between 25(OH)D 3 and iPTH differed for the central and southern regions (p<0.05), but not for the central and northern or northern and southern regions (p>0.05). 
Percentage of patients with elevated iPTH
The population normalized means for iPTH differ for men and women (47.5 pg/mL for women (80 th percentile of normal population) and 53.1 pg/mL (86 th percentile) for men (p<0.01). Fig. 4A shows the percentage of patients with iPTH greater than 65 pg/mL; on average, 33% of iPTH results exceeded the upper limit of the reference interval. Fig. 4B shows the consistent seasonal trends of iPTH exceeding the upper limit by region (north and central combined) and gender. (Table 3 ). Table 3 shows that patients with measurable 25(OH)D 2 had a greater percentage with iPTH>65 ng/L (P<0.001) than those without measurable 25(OH)D 2 even though they had greater total 25(OH)D than those with no detectable 25(OH)D 2 they did not lose their seasonal relationship (the data still significantly fits to a sinusoidal curve with the probability of the null hypothesis <0.001) ( fig. 4C and D) . Of patients with total 25(OH)D>50 ng/mL, 2678 (57%) had detectable 25(OH)D 2 , and 2044 did not (Table 4) . Subjects with 25(OH)D total > 50 ng/mL in the south region were more likely to have undetectable than detectable 25(OH)D 2 (P<0.0005) ( Table 4) .
Discussion
We have shown that both 25(OH)D 3 and iPTH demonstrate consistent inversely proportional seasonal sinusoidal patterns across geographic regions and gender, and the peaks and troughs lag behind the times of the greatest or least amounts of daylight. For 25(OH)D 3 , the peak occurs during the 34 th week, early September, and the trough occurs during the ninth week, early Prior studies have shown that 25(OH)D followed a sinusoidal pattern over a year and that parathyroid hormone was inversely related in a limited number of subjects [8] [9] [10] [11] [12] [13] . Additionally, the inverse relationship between 25(OH)D 3 and parathyroid hormone during winter was associated with an increase in fractures [14] . These prior studies suggest that the lack of adequate sunlight exposure and the inability of sunlight to produce vitamin D during winter leads to increased parathyroid hormone concentrations, but their limited sample size and duration detract from the consistency of their observations. Our large sample size, normalized distributions, inclusion of both genders and multiple latitudinal regions demonstrate that these observations are reproducible and compatible with the reciprocal relationship between vitamin D and iPTH [14] .
We found that men had a lower mean 25(OH)D 3 and higher mean iPTH concentrations than women, consistent with more recent findings in the NHANES studies [15, 16] .
Our observations show that the central and northern regions experience the same seasonal variation, but the south region experiences a dampened response, which may relate to longer duration for vitamin D production in the south [17, 18] .
The lag time between vitamin D and iPTH extremes may relate to an accumulative effect of sunlight exposure over the summer months and the relatively long half-life of circulating 25 (OH)D [19] . Vitamin D enters body fat and is presumably slowly released back into the circulation, thus, only a small fraction is converted to 25(OH)D, resulting in a slow but steady rise in rhythmic pattern across regions and gender. The Central and Northern regions were combined because they were similar. Their trough to peak difference is greater than that for the Southern region. Women and men percentages show similar patterns, except that the trough to peak difference is greater for men than women. The sun symbol indicates the summer solstice and the crescent moon, the winter solstice.
doi:10.1371/journal.pone.0118108.g003 Vitamin D deficiency results in a decrease in intestinal calcium absorption, resulting in a transient decline in ionized calcium concentrations in the serum [21] . The calcium sensor in the parathyroid gland detects the decrease, resulting in an increase in the production and secretion of PTH. The continued stimulation of the parathyroid glands results in a gradual increase in PTH levels that are sustained until there is improvement in serum 25(OH)D levels, when it gradually returns to baseline.
25(OH)D concentrations do not reach their lowest values until at least two months following the winter solstice, again reflecting the cumulative effect of decreased or absent cutaneous vitamin D 3 synthesis during the winter months [9, 22] . Values for 25(OH)D may be more pertinent when they are measured near their nadir, while increased values of iPTH at their apex may be more a reflection of a decrease in vitamin D status rather than parathyroid disease.
The percentage of patients considered vitamin D deficient [25(OH)D 3 <20 ng/mL] broadly ranged from a trough of approximately 20% in August through September, to 50% in January through March (Fig. 3 ), but our observed 35% average deficiency agreed with recent NHANES studies [19, 23, 24] . The amplitude of 6.8 ng/dL represents 68% of the range between sufficiency and insufficiency. Other studies have described the seasonal relationship of 25(OH)D and iPTH, consistent with ours [25] [26] [27] [28] [29] [30] . These results provide guidance for the interpretation of results based on the season and current guidelines may need to take the seasonality into consideration.
Patients whose specimens demonstrate detectable 25(OH) (Table 3 ). This could be due to patients who were vitamin D deficient having parathyroid hyperplasia. In addition, those patients with the highest total 25(OH)D (values greater than 50 ng/mL) had the lowest iPTH median (57% of them with detectable 25(OH)D 2 ). It has been reported that mortality follows a U-shaped curve in relation to the total 25(OH) D concentrations [32] [33] [34] . The majority of patients with total 25(OH)D greater than 50 ng/mL had detectable levels of 25(OH)D 2 , indicating that these patients were most likely vitamin D deficient or insufficient and being treated with pharmaceutical vitamin D 2 (Table 4 ). This could potentially explain the U-shaped curve regarding increased risk for mortality, fractures and cancer when blood levels exceed 50 ng/mL.
One major limitation of this study is that it is an observational study and thus subject to selection bias, in that there may have been a clinical suspicion that 25(OH)D levels were low. Although the prevalence of vitamin D insufficiency/deficiency may be higher in our study population than the general population, the data are similar to what has been reported by NHANES III and other data sets [19, 23, 24] . The prevalence of low vitamin D found in our study may be higher than that of the entire population. Because no other biochemical data were analyzed, the study cannot relate other variables such as calcium or phosphate. However, the large number of clinically based results with uniform test methods, provides important insights.
In summary, this study confirms previous reports demonstrating a seasonal, inverse relationship between 25(OH)D 3 , and iPTH [1] [2] [3] [4] [5] [6] 11, 12, 14, 18] . Our study confirms that this relationship is consistent and reproducible. Novel observations of this study include large variations in the percentage of patients exceeding the upper interval for iPTH or having 25 (OH)D 3 deficiency or insufficiency, the 3.5 week delay between the extremes of 25(OH)D and iPTH, which could also affect interpretation and mapping to the vitamin D, calcium, and parathyroid axis. The month of testing for vitamin D and PTH should be considered and prior clinical studies need reconsideration because of the strong seasonal variation observed in this study. These observations held across three latitudinal regions, both genders, and multiple years, and thus are applicable to general application for patient care. The seasonal relationship must be taken into consideration in the timing and frequency of testing patients and the interpretation of their results. 
